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Here the composition of total and active archaeal communities in a sediment core
of Jiulong River estuary at Fujian Province, Southern China was reported. Profiles of
CH4 and SO24
− concentrations from the sediment core indicated the existence of a
sulfate-methane transition zone (SMTZ) in which sulfate reduction-coupled anaerobic
oxidation of methane (AOM) occurs. Accordingly, three sediment layers (16–18.5 cm,
71–73.5 cm, and 161–163.5 cm) from the 1.2m sediment core were sectioned and
named top, middle and bottom, respectively. Total DNA and RNA of each layer were
extracted and used for clone libraries and sequence analysis of 16S rRNA genes, the
reverse transcription (RT)-PCR products of 16S rRNA and methyl CoM reductase alpha
subunit (mcrA) genes. Phylogenetic analysis indicated that archaeal communities of the
three layers were dominated by the Miscellaneous Crenarchaeotal Group (MCG) whose
ecological functions were still unknown. The MCG could be further divided into seven
subgroups, named MCG-A, B, C, D, E, F, and G. MCG-A and MCG-G were the most active
groups in the estuarine sediments. Known anaerobic methanotrophic archaea (ANMEs)
were only found as minor components in these estuarine archaeal communities. This
study, together with the studies of deep subsurface sediments, would be a very good
start point to target and compare the specific active archaeal groups and their roles in the
dark, deep subsurface sediment environments.
Keywords: archaea, methanogen, ANME, SMTZ, anaerobic oxidation of methane, mcrA, estuary, microbial
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INTRODUCTION
Marine subsurface sediments probably constitute one of the
largest reservoirs of biomass on Earth (Whitman et al., 1998).
The diversity of prokaryotic communities in various marine
sediments has been studied extensively, butmost microbial phylo-
types belong to uncultivated groups of unknown physiology and
ecological functions (Sørensen and Teske, 2006). Uncultivated
archaea, such as Marine Group I (MG-I), Marine Group II
(MG-II), Miscellaneous Crenarchaeotic Group (MCG), Marine
Benthic Group B (MBGB), Marine Benthic Group D (MBGD)
were found not only as dominant groups at some deep-sea sed-
iments, but were also widespread in various environments in
nature. These groups were suggested to play important roles in the
global cycling of carbon and nitrogen (Orphan et al., 2001; Teske
and Sørensen, 2008). However, more investigations were needed
to understand the environmental factors associated with their
biogeographic distributions, their phylogeny and physiology, and
the biogeochemical roles of these archaea in the environment.
Significant amounts of methane are produced in marine sed-
iments. The release of methane to the atmosphere results in
the increasing rate of global warming and chemical composition
changes (Lelievelda et al., 1993; Hanson and Hanson, 1996).
However, nearly all the methane in marine sediments is oxidized
before reaching the aerobic waters column and the atmosphere
by anaerobic oxidation of methane (AOM) coupled to sul-
fate reduction catalyzed by microbes in the marine sediments.
The main niche for AOM in marine sediments is the sulfate-
methane transition zone (SMTZ), where methane produced in
the sediments and sulfate from seawater overlap and provide a
minimum yield of energy for anaerobic methanotrophs (Knittel
and Boetius, 2009). Anaerobic methanotrophic archaea (ANME),
named ANME-1, ANME-2, and ANME-3, are believed to be
the main players in AOM (Boetius et al., 2000). However, in
SMTZs from some deep marine subsurface sediments, such as
from Peru Margin sites, ANMEs were not detected, but other
uncultivated archaeal groups including South African Gold Mine
Euryarchaeotic Group (SAGMEG), MCG and MBGB were found
as main components (Inagaki et al., 2006). In a sediment core
from Peru Margin site 1227 (Ocean Drilling Program Leg 201),
members of MCG and MBGB archaea were found to be more
active in the SMTZ than in sediment layers above and below, sug-
gesting either direct or indirect involvement of these archaea in
AOM (Sørensen and Teske, 2006).
Estuarine sediments, with complex geochemical profiles, are
another important environment that shows high biological activ-
ity rates. The archaeal communities in the sediments of tropical,
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subtropical and temperate estuaries were dominated by unculti-
vated archaeal groups, such as MG-I predominant at the near-
surface sediments, whileMCGdistributed throughout the vertical
level of the sediment cores (Vieira et al., 2007; Singh et al., 2010;
Webster et al., 2010; Jiang et al., 2011). Studies on Pearl River
(China) and Santos-Sao Vicente (Brazil) revealed obvious SMTZs
in the sediment cores (Saia et al., 2009; Jiang et al., 2011). ANME
group ANME-2 was supposed to be the main group with AOM
functions in Pearl River estuarine sediment (Jiang et al., 2011).
All of these above studies were conducted to investigate the total
archaeal community based on the cellular DNA level, which could
not exclude the inactive or dead cells persisting in the environ-
ments. Here, we aim to investigate the diversity and distribution
of both total and active archaeal communities in the sediment
of Jiulong River estuary which is located in the southern tropi-
cal region in Fujian Province, southern China. The Jiulong River
is one of the largest river/estuary systems in southern China
with a length of 285 km and an area of 14,741 km2 (Maskaoui
et al., 2002). The river provides large input of freshwater to the
Xiamen’s coastal waters (Figure A1). Our study was designed to:
(1) reveal the diversity and abundance of archaea in the Jiulong
River estuary by 16S rRNA analysis; (2) reveal the active archaeal
communities and their distribution along the sediment core; (3)
figure out the vertical distribution profile of archaea involved in
the methane cycle by functional methyl co-enzyme M reductase
A gene (mcrA) analysis. This study would provide more informa-
tion on the distribution and activity of live archaeal communities
in estuarine environments, and would be valuable as an analog of
deep subsurface habitats in subsurface microbial investigations.
MATERIALS AND METHODS
STUDY SITE AND SAMPLING
The study site is the Jiulong River estuary (24◦24′48.6′′ N,
117◦56′30.5′′ E) in Fujian province, China (Figure A1).
A sediment core of 1.2m was taken using a single-core sam-
pler in December, 2009. The water depth for sampling was about
3.0m. The bottom water temperature was 13.5◦C and the salinity
at the sediments surface was 2%. The sediments were mainly com-
posed of sandy clay. The diameter of sediment core was 5.0 cm.
The core was sectioned into 2.5 cm slices and transferred to ster-
ile Falcon tubes on a clean bench. Samples were kept at −20◦C
and then stored at −70◦C after back to the laboratory until
analysis.
METHANE AND SULFATE CONCENTRATION ANALYSIS
Methane concentrations were measured as following. The sub-
samples were immediately taken from the central part of the
core. Then, 3.0ml subsamples were transferred with syringes to
Bellco anaerobic tubes (Bellco Glass Inc., Vineland, NJ) each con-
taining 6.0ml of 1M NaOH. The vials were closed with black
butyl rubber stoppers and aluminum crimp seals immediately.
After that, the vials were shaken vigorously for 2min, and 0.5ml
of gas sample from the headspace of each vial was analyzed by
the gas chromatograph (Agilent 6820) equipped with a flame
ionization detector using a Porapak Q column (2m × 3mm).
N2 was the carrier gas with a flow rate of 30ml/min. Methane
peaks were recorded and compared with methane standards.
The concentration was recalculated to μmol/l pore water using
the sediment volume and the independently determined porosity.
The sulfate concentration was determined by ion chromatog-
raphy (Dionex DX-600) according to the methods of Jiang et al.
(2009).
DNA AND RNA EXTRACTION AND PURIFICATION
In order to avoid contamination, all the DNA and RNA extrac-
tions were carried out using the central part of the sediment
core with a diameter of around 1 cm. Three parts of sediment
core were separated and labeled as: top (16.0–18.5 cm), mid-
dle (71.0–73.5 cm) and bottom (161.0–163.5 cm). The DNA was
extracted according to the method described earlier (Xu et al.,
2007) and the purification was carried out using a Cycle Pure Kit
(OMEGA, USA).
RNA was extracted directly from sediment samples using a
Soil RNA Kit according to the manufacturer’s manual (OMEGA,
USA).
CLONE LIBRARIES CONSTRUCTION, RFLP ANALYSIS, AND DNA
SEQUENCING
The archaeal 16S rRNA gene fragments were amplified from
the three sediment layers by PCR using the primer
pair Arch21F (TTCCGGTTGATCCYGCCGGA) and Arch958R
(YCCGCGTTGAMTCCAATT) (Lane, 1991; Wagner et al., 1998).
The reverse transcription (RT)-PCR of 16S rRNA fragments were
carried out using a RevertAid™ First Strand cDNA Synthesis
Kit (Fermentas, CAN) by primer Arch958R for the first strand
synthesis and PCR amplification by primers Arch21F/Arch958R.
For the mcrA gene fragments, PCR was performed using the
primer pairs ME1 (GCMATGCARATHGGWATGTC) and ME2
(TCATKGCRTAGTTDGGRTAGT) (Hales et al., 1996). The PCR
was carried out with the following reaction mix: 100–200 ng sed-
iment DNA, 10.0 pmol of each primer, 10 × PCR reaction buffer,
1.5mM MgCl2, 200.0μM dNTP, and 5.0U Taq polymerase, to
give a final volume of 50.0μl. Thermal cycling was performed
with the following protocol: 94◦C for 4min, 30 cycles of 94◦C for
1min, 55◦C for 1min, 72◦C for 1min, and a final step at 72◦C for
10min. The negative controls without DNA were set in parallel.
The amplified fragments were purified using UNIQ-10 PCR
product purification kit (Sangon). The fragments were ligated
into the pMD18-T vector (TaKaRa) following the manufac-
turer’s instructions and transformed into the competent cells of
Escherichia coli DH5α. Positive clones were randomly picked for
Restriction fragment length polymorphisms (RFLP) analysis.
Cloned PCR products were analyzed by RFLP. The PCR prod-
ucts were purified and digested by restriction enzymes RsaI and
MspI. The DNA fragments were separated on 3% (w/v) agarose
gel by electrophoresis to screen the clones for grouping into sim-
ilar clone types. Representative clones with unique RFLP bands
were chosen for further sequencing using Sanger sequencing
method (Sangon Inc., Shanghai, China).
QUANTITATIVE PCR ANALYSIS OF ARCHAEAL 16S rRNA GENES
The abundance of archaeal and bacterial 16S rRNA genes was
evaluated by fluorescence quantitative real-time PCR with the
primer sets Arch344f/Arch519r for archaea (Bano et al., 2004) and
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Eubac341f/Eubac518r for bacteria (Dilly et al., 2004) on a 7500
Real-time System (Applied Biosystems). Standard curves were
constructed by using the method described earlier (Wang et al.,
2009). All the amplifications were performed in 20.0μl reaction
mixture with 1.0μl template DNA, 0.15μM of each primer, and
10.0μl of Power SYBR Green PCR Master Mix with ROX and
SybrGreen I (Applied Biosystems). Cycle thresholds were set auto-
matically using the 7500 system software, Version 1.3. The average
of three replicates was performed.
STATISTICAL AND PHYLOGENETIC ANALYSIS
The coverage of the library was calculated with the formula C =
1 − (n1/N), where n1 is the number of single-occurrence phy-
lotypes within a library and N is the total number of clones
analyzed (Mullins et al., 1995). The Shannon-Wiener index and
Evenness (equitability) were calculated using the equations from
Krebs (1989). The richness was estimated by Chao1 estimator
(http://www2.biology.ualberta.ca/jbrzusto/rarefact.php).
The 16S rRNA genes retrieved in this study were first sub-
mitted to the CHIMERA-CHECK program at the Ribosomal
Database Project II (Maidak et al., 2001) to check and remove
chimeric sequences. The non-chimeric sequences were submitted
to the BLAST search program on the NCBI (National Center for
Biotechnology Information) website (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) and RDP (Ribosomal Database Project) website
(http://rdp.cme.msu.edu/) to identify close relatives. The ARB-
software package (Ludwig et al., 2004) and SILVA rRNA sequence
database (http://www.arb-silva.de/) were used for sequence align-
ment. Sequences with identities of greater than 97% were tenta-
tively assigned to one OTU (Operation taxonomic units) using
the DOTUR (Schloss and Handelsman, 2005). One sequence
per OTU was chosen for the construction of phylogenetic trees.
The mcrA genes were translated into amino acids at SIB ExPASy
(Expert Protein Analysis System) website (http://web.expasy.org/
translate/). Sequence alignments with portions of both the 16S
rRNA gene and deduced amino acids sequences of McrA were
carried out by CLUSTAL X 1.83 software. The phylogenetic trees
were constructed by the neighbor-joining and minimum evolu-
tion method by Mega 3.1 software (Kumar et al., 2004) with the
bootstrap analysis used to estimate the confidence of tree topolo-
gies (Saitou and Nei, 1987). The phylogenetic trees presented here
were constructed by the neighbor-joining method.
NUCLEOTIDE SEQUENCE ACCESSION NUMBERS
The nucleotide and amino acid sequences obtained in this
study were submitted to the NCBI Genbank database with
the accession numbers JQ245808–JQ245854 for mcrA genes,
JQ245855–JQ245893 for RT-PCR products of 16S rRNA and
JQ245894–JQ245962 for 16S rRNA genes.
RESULTS
PROFILES OF SULFATE ANDMETHANE
The concentrations of sulfate and methane along the sediment
core were measured as described in the materials and methods
section (Figure 1A). The sulfate concentration was highest at the
sediment surface, and declined with the depth to less than 2.0mM
below 86 cm. Themethane concentration was low at the sediment
surface and increased rapidly within the interval from 56.0 cm to
76.0 cm; highest concentration of 6.0mM was reached at 76.0 cm
depth. Therefore, the depth between 60.0 and 80.0 cmwas defined
as SMTZ.
CELL ABUNDANCE AND QUANTIFICATION OF ARCHAEAL 16S
rRNA GENES
The archaea and bacteria in the sediment core were quantified
by Q-PCR of 16S rRNA genes. The number of bacterial 16S rRNA
FIGURE 1 | Depth distributions of methane/sulfate concentrations (A) and archaeal/bacterial 16S rRNA gene abundances (number of gene copies/g
[wet weight]) (B) in sediments of Jiulong River estuary.
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genes varied from 2.52 × 108 to 2.19 × 109 copies/g (wet weight),
and that of archaea were from 107 to 108 copies/g (wet weight) in
the sediment core. Overall, the 16S rRNA gene copy number of
bacteria was 10 times higher than that of archaea. The archaea
reached the highest proportion at the depth between 60.0 and
80.0 cm within the SMTZ (Figure 1B).
ARCHAEAL COMMUNITY STRUCTURE
The archaeal communities in the three layers were investigated by
library construction and phylogenetic analysis. From each library
of the three sediment layers, 50 positive clones were selected ran-
domly for RFLP analysis and sequencing. The coverage values of
the 16S rRNA gene libraries were from 85 to 91.5%. According
to the Shannon-Wiener index, Simpson’s index, Evenness index
and Chao-1 estimator, the archaeal diversity in the top layer was
higher than the middle and bottom layer (Table 1).
BLAST search results showed that most retrieved archaeal 16S
rRNA gene sequences were closely related to uncultured archaeal
sequences. Phylogenetic analysis indicated the archaeal commu-
nities of the three layers were all composed of Crenarchaeota
and Euryarchaeota. MCG were dominant in all libraries, rep-
resenting more than 50% of the sequenced clones (Figure 2A).
Methanogens within the order Methanosarcinales were detected
in every layer, most abundantly in the middle layer. However,
the ANME groups which had the function of AOM were not
detected in the libraries. MG-I was only detected at the top layer;
Methanocellales and Lake Valkea Kotinen cluster III (VALIII)
groups were found in the middle layer; MBGB were detected at
bottom layer; Marine Hydrothermal Vent Group (MHVG) and
MBGD were represented in both top and bottom layer, but were
absent at the middle layer.
The retrieved crenarchaeal sequences could be classified into
MCG, MG-I, and MBGD. Most MCG were closely related
to clones from various environments, such as mangrove sed-
iment (GenBank No. FJ477323, DQ363755, DQ363772, and
DQ363807), salt marsh sediments (GenBank No. FJ655678
and FJ655681), continental margin sediments (GenBank No.
FJ455923 and FJ455926), deep sea sediment with the presence of
methane hydrate (GenBank No. EU713901), waste water sludge
(GenBank No. CU916834) and petroleum contaminated soil
(GenBank No. AB161330, AB161334, and AB161339). According
to the previous classification (Jiang et al., 2011), the MCG
sequences retrieved from the sediment cores could be assigned
to MCG-A, -B, -C, -D, -E, -F, and a new subgroup MCG-G
(Figure 2C). Other phylogenetic groups represented only small
proportions of the three clone libraries, and these sequences
were most closely related to clones from deep sea sediments
(Figure A2A).
Sequences within Methanosarcinales were most dominant in
Euryarchaeota (Figure A2B). Related 16S rRNA gene sequences
in GenBank originated mostly from wastewater sludge (GenBank
No. CU917326), a minerotrophic fen (GenBank No. EU155903
and EU155916), an anaerobic bioreactor (GenBank No.
FJ347533), fresh water (GenBank No. AJ937876) and an oil well
(GenBank No. EU721747). Clone MID15A was closely related to
the cultured species Methanosarcina horonobensis, isolated from
groundwater in a Miocene subsurface formation (Shimizu et al.,
2011). Clones within Methanocellales, Terrestrial Miscellaneous
Euryarchaeotic Group (TMEG), MBGD, South African Gold
Mine Euryarchaeotic Group (SAGMEG) and VALIII were related
to clones from a minerotrophic fen (GenBank No. EU155960
and EU155985), a hydrothermal field (GenBank No. AB329758),
salt marsh sediments (GenBank No. FJ655585, FJ655615, and
FJ655660), and deep-sea methane seep sediments (GenBank No.
EU713893).
ACTIVE ARCHAEAL COMMUNITY STRUCTURE
Three 16S rRNA clone libraries were constructed and analyzed in
the same way as the 16S rRNA gene clone libraries. The coverage
values of the three libraries were from 82.9 to 85.2%. Archaeal
diversity in the bottom layer was higher than in the top and
middle layer (Table 1).
According to the phylogenetic analysis (Figure 2B), 16S
rRNA sequences were affiliated with the MCG, MBGB, and
MHVG within Crenarchaeota, and with the Methanosarcinales,
Methanomicrobiales,MBGDandTMEGwithin theEuryarchaeota.
Most of the archaeal clones were related to uncultivated archaea.
The top and bottom layers were dominated by MCG archaea,
and specifically by sequences within the MCG-A, MCG-B,
MCG-E,MCG-F, andMCG-G subgroups (Figure 2D). Sequences
from MCG-G subgroup accounted for 57% of all MCG clones.
These sequences were>95% similar to environmental sequences.
Table 1 | Coverage, diversity, and richness evaluation of constructed libraries.
Library Layer Coverage % Shannon-Wiener Simpson’s Evenness Chao 1 estimator
index index (1-D)
Archaeal 16S rDNA Top 85.0 3.230 0.957 0.930 33.1
Middle 87.5 2.997 0.946 0.910 20.8
Bottom 91.5 2.761 0.930 0.879 19.6
Archaeal 16S rRNA-based Top 85.2 2.166 0.859 0.793 13.0
Middle 82.9 1.952 0.774 0.589 18.0
Bottom 82.9 2.361 0.875 0.707 23.2
mcrA Top 86.3 2.762 0.931 0.879 27.0
Middle 92.7 2.507 0.910 0.876 15.5
Bottom 90.5 2.479 0.906 0.852 22.0
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FIGURE 2 | Compositions of archaeal members in 16S rRNA gene clone
libraries (A) and 16S rRNA clone libraries (B), MCG subgroups in the 16S
rRNA gene clone libraries (C) and 16S rRNA clone libraries (D), and MCG
subgroups in 16S rRNA gene clone libraries of Pearl River Estuary (E).
Groups shown include Miscellaneous Crenarchaeotal Group (MCG), marine
benthic group B (MBGB), Marine Group I (MGI), South African Gold Mine
Euryarchaeotic Group (SAGMEG), Terrestrial Miscellaneous Euryarchaeotal
Group (TMEG), marine benthic group D (MBGD), Lake Valkea Kotinen cluster
III (VALIII), Marine Hydrothermal Vent Group (MHVG),Methanosarcinales,
Methanomicrobiales, and Methanocellales.
Sequences of the MCG-A subgroup were detected in middle and
bottom layers, while sequences of the MCG-B subgroup were
found in the top and middle layers (Figure A3).
Among the Euryarchaeota, 28% of all clones clustered within
the Methanosarcinales. Of these, 40% belonged to the ANME-
2a branch and originated from the SMTZ. These sequences
were closely related to clones from a hydrothermal chimney
(GenBank No. AB464787) and marine sediment (GenBank No.
AB252424). Clones within the Methanomicrobiales and MBGD
were also frequently found, and were mostly related to clones
from a minerotrophic fen (GenBank No. EU155976, EU155979,
and EU155985), salt marsh sediment (GenBank No. FJ655701)
and mangrove soil (GenBank No. DQ363830). MBGB was only
detected in the top layer (Figure 3A).
PHYLOGENETIC ANALYSIS OFMCRA GENES
Low diversities were found in the three mcrA libraries (Table 1),
indicating a low diversity of archaea involved in methane cycling
in this environment.
Cloned mcrA genes belonged to the Methanomicrobiales,
Methanosarcinales, Methanobacteriales, and Methanocellales.
Members of the Methanomicrobiales were predominant, and
accounted for an average of 80% in all three clone libraries,
whereas members of the Methanosarcinales, Methanobacteriales
and Methanocellales constituted around 13, 2, and 5%, respec-
tively (Figure 4). mcrA genes from ANME groups were not
detected in the libraries.
Among the Methanomicrobiales, 44% of all mcrA clones
from the top, middle and bottom sediment layers showed
over 90% similarity with clones from gassy subsurface sed-
iments of Marennes-Oleron Bay and Fuca Ridge hydrother-
mal vent (GenBank No. AM942085, AM942099, FJ640793, and
FJ640795-FJ640798). Only clone MID_ME_45 was 87% simi-
lar to clone mcrA3 from Fuca Ridge hydrothermal vent (Wang
et al., 2009). Other retrieved sequences of Methanomicrobiales
shared highest identity with clones from an oligotrophic fen
(GenBank No. AJ489771), brackish lake sediment (GenBank
No. AY625601), a solid waste bioreactor (GenBank No.
FJ435883) and tidal creek sediment (GenBank No. EU301989).
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Sequences among the order Methanosarcinales were closely
related (91–98% similarity) to clones from rice field soil
(GenBank No. AF313863). Clone BOT_ME_23 was most sim-
ilar with clones from marine sediment, but also shared
92% sequences similarity with Methanosarcina horonobensis
(Shimizu et al., 2011). Clones within Methanocellales were
related toMethanocella paludicola (GenBank No. AP011532) with
low similarities (84–85%), except clone BOT_ME_10 (95%).
Sequences within the Methanobacteriales were associated with
phylotypes from sediment of the Pearl River Estuary (GenBank
No. EU681950) and from deep crustal fluid (GenBank No.
AY768819) (Figure 3B).
DISCUSSION
Most studies on archaeal diversity and distribution were car-
ried out on DNA level, whereas fewer analyses were performed
on RNA level to identify active microbial community members
(Harrison et al., 2009; Jiang et al., 2011). Here, we investigated
not only the abundance and diversity of the archaeal community
in the sediments of the Jiulong River estuary, but also the active
members by parallel DNA and RNA analysis. Compared with the
DNA libraries, the diversity and abundance of clones from RNA-
based libraries were lower (Table 1), probably reflecting reduced
numbers and phylogenetic diversity of active archaeal commu-
nity members in the environment. According to the phylogenetic
analysis, archaeal members of MCG, MHVG, MBGB, TMEG,
and Methanosarcinales were common groups in DNA and RNA
libraries. On the other hand, MG-I, VALIII, Methanocellales, and
SAGMEG groups were only found at DNA level, while MBGD,
ANME-2, and Methanomicrobiales groups were only detected at
RNA level. The differences of the archaeal compositions found
at the DNA and RNA level suggested a difference of archaeal
presence and activity in the environment (Sørensen and Teske,
2006).
FIGURE 3 | (Continued)
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FIGURE 3 | Phylogenetic trees showing the affiliations of euryarchaeal
RT-PCR products of 16S rRNA sequences (A) andmcrA gene sequences
(B) retrieved from this study with selected reference sequences,
respectively. The clones from the top, middle and bottom layers are
differentiated as TOP, MID, and BOT, respectively. The trees were constructed
by neighbor-joining, using nearly full-length aligned nucleotides sequences
with Escherichia coli J01859 or methanopyrus as outgroups, respectively.
Bootstrap values are based on 1000 replicates and are shown at the nodes
with more than 50% bootstrap support. The scale bars represent 5%
sequence divergence. TMEG: Terrestrial Miscellaneous Euryarchaeotal
Group; MBGD: Marine Benthic Group D; ANME: anaerobic methane-oxidizing
archaea.
MCG was found to be prevalent through the sediment core.
Although MCG was frequently detected in marine and terres-
trial environments, the ecological function of this group was still
poorly constrained; MCG archaea were suggested to represent
heterotrophic anaerobes that utilize and assimilate complex
organic substrates (Biddle et al., 2006). Jiang et al divided MCG
into six subgroups (MCG-A to MCG-F) (Jiang et al., 2011).
We found that MCG-C could be further divided into MCG-C
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FIGURE 4 | Compositions ofmcrA gene clone libraries from top, middle (SMTZ) and bottom layers. Groups shown include Methanomicrobiales,
Methanosarcinales,Methanobacteriales, and Methanocellales.
and MCG-G (Figure A2A), and may be further divided into
more subgroups when more sequences are available. The MCG-A
subgroup was detected most frequently at DNA level, and had the
widest distribution among MCG subgroups in all three sediment
layers. This result was consistent with the result from that of Pearl
River estuarine sediments (Figure 2E) where MCG-A was also
identified as the most frequently detected archaeal group (Jiang
et al., 2011). The DNA sequences retrieved from the Jiulong River
estuary and Pearl River Estuary were both related to similar phylo-
types from terrestrial habitats, coastal marine sediments and estu-
arine sediments. However, although MCG-A was predominant at
DNA level, MCG-G subgroup was the most frequently detected at
RNA level, and should therefore represent the active archaeal sub-
group in this estuarine environment. However, only DNA-level
diversity analysis has been carried out in the Pearl River estuary
(Jiang et al., 2011), and RNA data from this and other estuar-
ies are still missing. The physiology and ecological function of
MCG-G is at present unknown, but it was found widespread in
various environments including salt mash sediments, mangrove
soil, deep-sea sediments, and hydrothermal fluids (Reed et al.,
2002; Yan et al., 2006; Kato et al., 2009; Nelson et al., 2009).
The distribution, physiology and biogeochemical functions of
different MCG subgroups may vary significantly; more careful
and intensive studies are required such as designing of specific
primers for specific MCG subgroups to monitor their distribu-
tion and the correlation with the environments. Other approaches
such as metagenomic, metatranscriptomic analysis, in combina-
tion with stable isotope probing and/or single cell sequencing
and Nano-SIMS would eventually discover the ecological roles of
these unknown uncultivated MCG groups.
Within the Euryarchaeota, Methanosarcinales, and
Methanocellales were detected in all layers on DNA level.
However, no ANME groups were found. At RNA level,
Methanosarcinales was the major group, especially in the
SMTZ; and Methanomicrobiales was the second most dominant
methanogenic group. The presence of active methanogens
(Methanosarcinales and Methanomicrobiales) in all three layers
indicated methanogenic activity in the sediments. Another
Euryarchaeal phylotype detected by 16S rRNA and rDNA analysis
was MBGD. Although, MBGD sequences in this study were
related to counterparts from various marine and terrestrial
environments, the MBGD group is generally associated with
methane-rich environments (Pachiadaki et al., 2011). The
potential role of MBGD in methane metabolism is still unclear.
ANME groups, known as methane-oxidizing archaea, were
not detected at DNA level. ANME-1 is distantly affiliated with
the Methanosarcinales and Methanomicrobiales, while ANME-2
and ANME-3 belong to the Methanosarcinales (Hinrichs et al.,
1999; Orphan et al., 2001; Knittel et al., 2005). At RNA level,
60% of the clones within the order Methanosarcinales could
be identified as ANME-2, and 40% of these clones were from
the SMTZ. No gene expression of mcrA was detected, indicat-
ing a low proportion of mcrA mRNA in the total RNA sam-
ple. Nevertheless, the analysis of mcrA gene sequences revealed
methanogens in this estuarine environment; phylotypes associ-
ated with the Methanomicrobiales were found dominant, espe-
cially in the middle layer. This divergent mcrA and 16S rRNA
results might be due to the differences in average copy num-
ber between the 16S rRNA and mcrA genes in the genomes of
different methanogens (Nunoura et al., 2008). However, phylo-
types associated with ANME groups were not found in the mcrA
clone library. In this study, ANME-2 was only detected in the
16S rRNA clone library, but absence in 16S rRNA gene library
and mcrA library, suggesting a very low proportion of ANME
in the community. The flack of detection of ANME phylotypes
in the mcrA DNA library could also have results from limited
clone sequencing performed in this study. It is still an open ques-
tion whether other archaea detected in this environment such as
MBGB, MBGD, and MCG play a role in the methane oxidation
process.
Knowing the microbes that are alive or active in the deep
subsurface sediment environments will help us to figure out
the biogeochemical roles of these species. Our study, together
with others, would be a good start to understand the specific
live archaeal groups and their roles in the deep subsurface sed-
iment environments. Briefly, this is the first step to reveal the
active archaeal members in Jiulong River estuarine sediments,
and eventually understand their physiology and biogeochem-
ical roles of these largely unknown uncultivated archaea in
nature.
ACKNOWLEDGMENTS
This work was supported by National Science Foundation of
China (Grant Nos. 40830213, 30821005, and 41006072), a grant
from the Science and Technology Commission of Shanghai
Municipality (Grant No. 10JC1406700) and a grant from the
State Key Laboratory of Ocean Engineering in China (grant no.
GKZD010053-1).
Frontiers in Microbiology | Extreme Microbiology August 2012 | Volume 3 | Article 311 | 8
Li et al. Archaea in estuarine sediment
REFERENCES
Bano, N., Ruffin, S., Ransom, B.,
and Hollibaugh, J. T. (2004).
Phylogenetic composition of Arctic
Ocean archaeal assemblages and
comparison with Antarctic assem-
blages. Appl. Environ. Microbiol. 70,
781–789.
Biddle, J. F., Lipp, J. S., Lever, M.
A., Lloyd, K. G., Sørensen, K. B.,
Anderson, R., Fredricks, H. F.,
Elvert, M., Kelly, T. J., Schrag, D. P.,
Sogin, M. L., Brenchley, J. E., Teske,
A., House, C. H., and Hinrichs,
K. U. (2006). Heterotrophic
Archaea dominate sedimentary
subsurface ecosystems off Peru.
Proc. Natl. Acad. Sci. U.S.A. 103,
3846–3851.
Boetius, A., Ravenschlag, K., Schubert,
C. J., Rickert, D.,Widdel, F., Gieseke,
A., Amann, R., Jorgensen, B. B.,
Witte, U., and Pfannkuche, O.
(2000). A marine microbial consor-
tium apparently mediating anaero-
bic oxidation of methane. Nature
407, 623–626.
Dilly, O., Bloem, J., Vos, A., and
Munch, J. C. (2004). Bacterial diver-
sity in agricultural soils during lit-
ter decomposition. Appl. Environ.
Microbiol. 70, 468–474.
Hales, B. A., Edwards, C., Ritchie, D.
A., Hall, G., Pickup, R. W., and
Saunders, J. R. (1996). Isolation
and identification of methanogen-
specific DNA from blanket bog peat
by PCR amplification and sequence
analysis. Appl. Environ. Microbiol.
62, 668–675.
Hanson, R. S., and Hanson, T. E.
(1996). Methanotrophic bacteria.
Microbiol. Rev. 60, 439–471.
Harrison, B. K., Zhang, H., Berelson,
W., and Orphan, V. J. (2009).
Variations in archaeal and bacte-
rial diversity associated with the
sulfate-methane transition zone
in continental margin sediments
(Santa Barbara Basin, California).
Appl. Environ. Microbiol. 75,
1487–1499.
Hinrichs, K. U., Hayes, J. M., Sylva,
S. P., Brewer, P. G., and Delong,
E. F. (1999). Methane-consuming
archaebacteria in marine sediments.
Nature 398, 802–805.
Inagaki, F., Nunoura, T., Nakagawa,
S., Teske, A., Lever, M., Lauer, A.,
Suzuki, M., Takai, K., Delwiche,
M., Colwell, F. S., Nealson, K.
H., Horikoshi, K., D’hondt, S.,
and Jorgensen, B. B. (2006).
Biogeographical distribution and
diversity of microbes in methane
hydrate-bearing deep marine
sediments on the Pacific Ocean
margin. Proc. Natl. Acad. Sci. U.S.A.
103, 2815–2820.
Jiang, L., Zheng, Y., Chen, J., Xiao, X.,
and Wang, F. (2011). Stratification
of Archaeal communities in
shallow sediments of the Pearl
River Estuary, Southern China.
Antonie Van Leeuwenhoek 99,
739–751.
Jiang, L., Zheng, Y., Peng, X., Zhou,
H., Zhang, C., Xiao, X., and Wang,
F. (2009). Vertical distribution
and diversity of sulfate-reducing
prokaryotes in the Pearl River
estuarine sediments, Southern
China. FEMS Microbiol. Ecol. 70,
249–262.
Kato, S., Yanagawa, K., Sunamura, M.,
Takano, Y., Ishibashi, J., Kakegawa,
T., Utsumi, M., Yamanaka, T.,
Toki, T., Noguchi, T., Kobayashi,
K., Moroi, A., Kimura, H.,
Kawarabayasi, Y., Marumo, K.,
Urabe, T., and Yamagishi, A. (2009).
Abundance of Zetaproteobacteria
within crustal fluids in back-
arc hydrothermal fields of the
Southern Mariana Trough. Environ.
Microbiol. 11, 3210–3222.
Knittel, K., and Boetius, A. (2009).
Anaerobic oxidation of methane:
progress with an unknown process.
Annu. Rev. Microbiol. 63, 311–334.
Knittel, K., Losekann, T., Boetius, A.,
Kort, R., and Amann, R. (2005).
Diversity and distribution of
methanotrophic Archaea at cold
seeps. Appl. Environ. Microbiol. 71,
467–479.
Krebs, C. J. (1989). Ecological
Methodology. New York, NY:
Harper and Row.
Kumar, S., Tamura, K., and Nei, M.
(2004). MEGA3, integrated soft-
ware for molecular evolutionary
genetics analysis and sequence
alignment. Brief. Bioinform. 5,
150–163.
Lane, D. J. (1991). “16S/23S rRNA
sequencing,” in Nucleic Acid
Techniques in Bacterial Systematics,
eds E. Stackebrandt and M.
Goodfellow (Chichester: Wiley),
115–175.
Lelievelda, J., Crutzena, P. J., and
Brühla, C. (1993). Climate effects of
atmospheric methane. Chemosphere
26, 739–768.
Ludwig, W., Strunk, O., Westram, R.,
Richter, L., Meier, H., Yadhukumar,
Buchner, A., Lai, T., Steppi, S.,
Jobb, G., Forster, W., Brettske, I.,
Gerber, S., Ginhart, A. W., Gross,
O., Grumann, S., Hermann, S., Jost,
R., Konig, A., Liss, T., Lussmann,
R., May, M., Nonhoff, B., Reichel,
B., Strehlow, R., Stamatakis,
A., Stuckmann, N., Vilbig, A.,
Lenke, M., Ludwig, T., Bode,
A., and Schleifer, K. H. (2004).
ARB: a software environment for
sequence data. Nucleic Acids Res. 32,
1363–1371.
Maidak, B. L., Cole, J. R., Lilburn, T.
G., Parker, C. T. Jr., Saxman, P. R.,
Farris, R. J., Garrity, G. M., Olsen,
G. J., Schmidt, T. M., and Tiedje, J.
M. (2001). The RDP-II (Ribosomal
Database Project). Nucleic Acids Res.
29, 173–174.
Maskaoui, K., Zhou, J. L., Hong,
H. S., and Zhang, Z. L. (2002).
Contamination by polycyclic
aromatic hydrocarbons in
the Jiulong River Estuary
and Western Xiamen Sea,
China. Environ. Pollut. 118,
109–122.
Mullins, T. D., Britschgi, T. B., Krest,
R. L., and Giovannoni, S. J. (1995).
Genetic comparisons reveal the
same unknown bacterial lineages
in Atlantic and Pacific bacterio-
plankton communities. Limnol.
Oceanogr. 40, 148–158.
Nelson, K. A., Moin, N. S., and
Bernhard, A. E. (2009). Archaeal
diversity and the prevalence of
Crenarchaeota in salt marsh sedi-
ments. Appl. Environ. Microbiol. 75,
4211–4215.
Nunoura, T., Oida, H., Miyazaki, J.,
Miyashita, A., Imachi, H., and
Takai, K. (2008). Quantification
of mcrA by fluorescent PCR
in methanogenic and methan-
otrophic microbial communities.
FEMS Microbiol. Ecol. 64,
240–247.
Orphan, V. J., House, C. H., Hinrichs,
K. U., McKeegan, K. D., and
Delong, E. F. (2001). Methane-
consuming Archaea revealed by
directly coupled isotopic and phy-
logenetic analysis. Science 293,
484–487.
Pachiadaki, M. G., Lykousis, V.,
Stefanou, E. G., and Kormas,
K. A. (2011). Prokaryotic com-
munity structure and diversity
in the sediments of an active
submarine mud volcano (Kazan
mud volcano, East Mediterranean
Sea). FEMS Microbiol. Ecol. 72,
429–444.
Reed, D. W., Fujita, Y., Delwiche, M.
E., Blackwelder, D. B., Sheridan,
P. P., Uchida, T., and Colwell,
F. S. (2002). Microbial communi-
ties from methane hydrate-bearing
deep marine sediments in a forearc
basin. Appl. Environ. Microbiol. 68,
3759–3770.
Saia, F., Domingues, M., Pellizari, V.,
and Vazoller, R. (2009). Occurrence
of methanogenic Archaea in highly
polluted sediments of tropical
Santos-Sao Vicente Estuary (Sao
Paulo, Brazil). Curr. Microbiol.
60, 66–70.
Saitou, N., and Nei, M. (1987). The
neighbor-joining method: a new
method for reconstructing phylo-
genetic trees. Mol. Biol. Evol. 4,
406–425.
Schloss, P. D., and Handelsman, J.
(2005). Introducing DOTUR,
a computer program for defin-
ing operational taxonomic units
and estimating species richness.
Appl. Environ. Microbiol. 71,
1501–1506.
Shimizu, S., Upadhye, R., Ishijima,
Y., and Naganuma, T. (2011).
Methanosarcina horonobensis sp.
nov., a methanogenicarchaeon
isolated from a deep subsurface
Miocene formation. Int. J. Syst.
Evol. Microbiol. 61, 2503–2507.
Singh, S. K., Verma, P., Ramaiah, N.,
Chandrashekar, A. A., and Shouche,
Y. S. (2010). Phylogenetic diversity
of archaeal 16S rRNA and ammonia
monooxygenase genes from tropical
estuarine sediments on the central
west coast of India. Res. Microbiol.
161, 177–186.
Sørensen, K. B., and Teske, A.
(2006). Stratified communi-
ties of active Archaea in deep
marine subsurface sediments.
Appl. Environ. Microbiol. 72,
4596–4603.
Teske, A., and Sørensen, K. B. (2008).
Uncultured Archaea in deep marine
subsurface sediments: have we
caught them all? ISME J. 2, 3–18.
Vieira, R. P., Clementino, M. M.,
Cardoso, A. M., Oliveira, D. N.,
Albano, R. M., Gonzalez, A. M.,
Paranhos, R., and Martins, O. B.
(2007). Archaeal communities in
a tropical estuarine ecosystem:
Guanabara Bay, Brazil.Microb. Ecol.
54, 460–854.
Wagner, M., Roger, A. J., Flax, J.
L., Brusseau, G. A., and Stahl,
D. A. (1998). Phylogeny of dis-
similatory sulfite reductases
supports an early origin of sul-
fate respiration. J. Bacteriol. 180,
2975–2982.
Wang, F., Zhou, H., Meng, J., Peng,
X., Jiang, L., Sun, P., Zhang, C.,
Van Nostrand, J. D., Geng, Y.,
He, Z., Wu, L., Zhou, J., and
Xiao, X. (2009). GeoChip-based
analysis of metabolic diversity of
microbial communities at the Juan
de Fuca Ridge hydrothermal vent.
Proc. Natl. Acad. Sci. U.S.A. 106,
4840–4845.
Webster, G., Rinna, J., Roussel, E. G.,
Fry, J. C., Weightman, A. J., and
Parkes, R. J. (2010). Prokaryotic
functional diversity in different
biogeochemical depth zones in tidal
sediments of the Severn Estuary,
UK, revealed by stable-isotope
www.frontiersin.org August 2012 | Volume 3 | Article 311 | 9
Li et al. Archaea in estuarine sediment
probing. FEMS Microbiol. Ecol. 72,
179–197.
Whitman, W. B., Coleman, D.
C., and Wiebe, W. J. (1998).
Prokaryotes: the unseen majority.
Proc. Natl. Acad. Sci. U.S.A. 95,
6578–6583.
Xu, M., Wang, F., Meng, J., and
Xiao, X. (2007). Construction and
preliminary analysis of a metage-
nomic library from a deep-sea
sediment of east Pacific Nodule
Province. FEMS Microbiol. Ecol. 62,
233–241.
Yan, B., Hong, K., and Yu, Z. N.
(2006). Archaeal communities in
mangrove soil characterized by 16S
rRNA gene clones. J. Microbiol. 44,
566–571.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 07 November 2011; accepted:
07 August 2012; published online: 30
August 2012.
Citation: Li Q, Wang F, Chen Z, Yin
X and Xiao X (2012) Stratified active
archaeal communities in the sediments
of Jiulong River estuary, China. Front.
Microbio. 3:311. doi: 10.3389/fmicb.
2012.00311
This article was submitted to Frontiers
in Extreme Microbiology, a specialty of
Frontiers in Microbiology.
Copyright © 2012 Li, Wang, Chen, Yin
and Xiao. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.
Frontiers in Microbiology | Extreme Microbiology August 2012 | Volume 3 | Article 311 | 10
Li et al. Archaea in estuarine sediment
APPENDIX
FIGURE A1 | Map of sampling site in the Jiulong River estuary. The asterisk indicates the sampling site (24◦24′48.6′′ N, 117◦56′30.5′′ E).
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FIGURE A2 | (Continued)
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FIGURE A2 | Phylogenetic trees showing the affiliations of
crenarchaeal (A) and euryarchaeal (B) 16S rRNA gene sequences
retrieved from this study with selected reference sequences. The
clones from the top, middle, and bottom layers are differentiated as TOP,
MID, and BOT, respectively. The trees were constructed by the
neighbor-joining, using nearly full-length aligned nucleotides sequences
with E. coli J01859 as outgroup. Bootstrap values are based on 1000
replicates and are shown at the nodes with more than 50% bootstrap
support. The scale bars represent 5% sequence divergence. MCG:
Miscellaneous Crenarchaeotal Group; MHVG: Marine Hydrothermal Vent
Group; MG1: Marine Group I; SAGMEG: South African Gold Mine
Euryarchaeotic Group; MBGB: Marine Benthic Group B; TMEG: Terrestrial
Miscellaneous Euryarchaeotal Group; MBGD: Marine Benthic Group D;
VALIII: Lake Valkea Kotinen cluster III.
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FIGURE A3 | Phylogenetic tree showing the affiliations of crenarchaeal
RT-PCR products of 16S rRNA sequences retrieved from this study with
selected reference sequences. The clones from the top, middle and bottom
layers are differentiated as TOP, MID, and BOT, respectively. The tree was
constructed by the neighbor-joining, using nearly full-length aligned
nucleotides sequences with E. coli J01859 as outgroup. Bootstrap values are
based on 1000 replicates and are shown at the nodes with more than 50%
bootstrap support. The scale bar represents 5% sequence divergence. MCG:
Miscellaneous Crenarchaeotal Group; MHVG: Marine Hydrothermal Vent
Group; MBGB: Marine Benthic Group B.
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